Chitin-binding domain of chitinase A1 (ChBD ChiA1 ) is characteristic because it binds only to insoluble crystalline chitin. While binding sites of major carbohydrate-binding modules carry multiple aromatic rings aligned on a surface, lethal mutations for ChBD ChiA1 were reported only at W687, a location completely different from the site mentioned above, in spite of their similar main-chain folds. Here, the structural mechanism underlying its crystalline chitin binding was uncovered by solid-state NMR. Based on 13 Cand 15 N-signal assignment of microcrystalline ChBD ChiA1 , the chemical shift perturbation on chitin binding was carefully examined. The perturbation was greatest at W687 and nonaromatic residues surrounding it, revealing their direct involvement in chitin binding. These residues and Q679 should provide a novel chitin-binding platform parallel to the W687 ring.
Edited by Christian Griesinger
Chitin-binding domain of chitinase A1 (ChBD ChiA1 ) is characteristic because it binds only to insoluble crystalline chitin. While binding sites of major carbohydrate-binding modules carry multiple aromatic rings aligned on a surface, lethal mutations for ChBD ChiA1 were reported only at W687, a location completely different from the site mentioned above, in spite of their similar main-chain folds. Here, the structural mechanism underlying its crystalline chitin binding was uncovered by solid-state NMR. Based on 13 
Cand 15
N-signal assignment of microcrystalline ChBD ChiA1 , the chemical shift perturbation on chitin binding was carefully examined. The perturbation was greatest at W687 and nonaromatic residues surrounding it, revealing their direct involvement in chitin binding. These residues and Q679 should provide a novel chitin-binding platform parallel to the W687 ring.
Keywords: carbohydrate-binding protein; chitin recognition; chitinase; insoluble chitin; NMR; Tryptophan-sugar stacking Chitin is a huge insoluble complex of b-1,4-linked homopolymer of GlcNAc found in many kinds of biological architectures such as shells of crabs and shrimps, exoskeletons of insects, eggshells of nematodes, and cell walls of fungi. The architecture comprises microcrystals of b-1,4-linked N-acetyl-Dglucosamine polymers. This is the second greatest biomass next to cellulose on the earth. Chitinases (EC 3. 2.2.14) hydrolyze (b-1,4) bonds of chitin, and are involved in a wide variety of chitin-related biological events in organisms from bacterium to human. They play an important role in recycling of GlcNAc in the ecosystem and contribute to the innate immune response against chitin-containing pathogens in human [1, 2] . For efficient degradation of chitin, quick and secure substrate recognition is important. For that purpose, some chitinases developed independent chitin-binding domains (ChBDs), one of carbohydratebinding modules (CBM) [3] .
Bacillus circulans WL-12 chitinase A1 is the most efficient in hydrolyzing insoluble chitin among those produced in this gram-positive bacterium being lytic for yeast and fungal cell walls [4, 5] . This enzyme is classified into glycoside hydrolase family 18. It comprises three kinds of domains, namely, an N-terminal catalytic domain, a C-terminal ChBD, and two fibronectin type III domains in the middle [6] . This is an exo-type chitinase hydrolyzing every other (b-1,4) bond from the reducing end [7, 8] . The high efficiency of this chitinase comes from its unique chitin-binding domain (ChBD ChiA1 ) that is classified into CBM family 12 on the basis of its amino acid sequence [3] . ChBD ChiA1 composed of 45 amino acid residues binds to only insoluble chitin. It cannot bind to any other polysaccharides or soluble derivatives of chitin, although the catalytic domain of chitinase A1 can bind to them [6] . The solution structure of ChBD ChiA1 isolated by genetic engineering was determined by NMR [9] . Its main-chain fold is similar to those of CBMs in family 5 [10] . Actually, the CBM families 5 and 12 were put in the same fold family (3) . In contrast, the binding specificity of CBMs in family 5 is different from that of ChBD ChiA1 . CBM5 can bind to soluble oligosaccharides as well as insoluble substrates. From structural point of view, CBM5 has a planar array of multiple aromatic residues (Trp in many cases) exposed on its surface, although ChBD ChiA1 does not. Actually, the planar array is a major structural feature among CBMs binding to a wide variety of insoluble saccharides (type A CBM, including CBM5) and was identified as the substratebinding site [3, [11] [12] [13] [14] . In contrast, ChBD ChiA1 has only a single His (H681) in this area in spite of its strong chitin-binding ability. Furthermore, W687 instead of H681 was found to be the only lethal residue in mutation studies [15] [16] [17] . This fact suggested that the binding mechanism of ChBD ChiA1 is different from those of type A CBMs. Hydrophobic nature of the interaction between the W687 indole ring and chitin was concluded based on the intensive mutation work [15] . Yet, major questions were left to be clarified. Namely, why can single Trp exert strong chitinbinding ability? Why is W687 not so much exposed to solvent as the aromatic rings that commonly serve as the interaction sites with substrates in other CBMs? And how can it specifically bind to the crystalline chitin? To answer these questions, we have tried to elucidate the structural mechanism underlying chitin binding by direct analysis of the crystalline chitin-ChBD ChiA1 complex.
Tertiary structures of CBMs have been determined by solution NMR and X-ray crystallography. The substrate-binding interaction has been analyzed by solution NMR using oligosaccharides. However, the interaction between ChBD ChiA1 and insoluble chitin could not be analyzed by solution NMR because of their strong binding and too large molecular weight [6] . In the last decades, solid-state NMR (ssNMR) with cross-polarization (CP) and magic angle spinning (MAS) has become a powerful methodology for investigations of insoluble biological systems like membrane proteins [18] , amyloid fibrils [19] [20] [21] , and bacterial photo-apparatus [22] that were difficult for X-ray crystallography or solution NMR to analyze. It was also indicated that crystalline samples provided the best resolution for the ssNMR spectra [23] [24] [25] . Therefore, we decided to determine the carbon chemical shifts of ChBD ChiA1 in microcrystals by ssNMR and then to analyze the insoluble chitin-ChBD ChiA1 complex also by ssNMR. The chemical shift perturbation on chitin binding was greatest at W687 and nonaromatic residues surrounding it, revealing their direct involvement in chitin binding. These residues should provide a chitin-binding platform together with Q679, the involvement of which was evidenced not only by mutation [17] but also by chemical shift perturbation in this work. A novel mode of interaction of ChBD with insoluble crystalline chitins will be discussed in connection with the questions raised above.
Materials & methods
Preparation of uniformly NH 4 Cl as sole carbon and nitrogen sources, respectively. The isotope-labeled ChBD ChiA1 was purified with a chitin-affinity column. ChBD ChiA1 was bound to the chitin column and was eluted out with 20 mM acetic acid (pH 3.0). The yield of the purified ChBD ChiA1 was more than 50 mgÁL À1 culture.
To achieve higher resolution in NMR spectra, we crystallized ChBD ChiA1 protein according to the method suitable for solid-state NMR measurement reported by Martin and Zilm [23] . At first, 2 lL of a ChBD ChiA1 solution (15 mg ChBD ChiA1 per mL 20 mM Tris-HCl (pH 8.0)) was added to 2 lL of 8% polyethylene glycol (PEG) 4000, which was stored at room temperature for 1-2 days for crystallization with hanging-drop vapor diffusion. Obained crystals were used as seeds in the following experiments. Then, a solution with the same concentrations of ChBD ChiA1 and PEG 4000 was prepared as described above and concentrated to less than half volume by a rotary evaporator. Finally, the seed crystals were added to the concentrated solution to promote the crystallization at 4°C for 1-2 days. The obtained microcrystals were packed into a 3.2-mm MAS rotor (Varian Inc., Palo Alto, CA, USA) with supernatant removed by centrifugation, and stored at 4°C. zero-filled to 512 9 128 9 128 points. Acquired free induction decay data were processed with Felix 2000 (Accelrys Inc., San Diego, CA, USA), and Fourier transformed with apodization by skewed sinebell function. The 13 C chemical shift was referenced to 2,2-methyl-2-silapentane-5-sulfonate (DSS) by using methyl carbon signal of hexamethyl benzene as 19.5 ppm relative to DSS [34] .
NMR measurements and data analysis

Results
13
C and 15 N signal assignment of the ssNMR spectra of ChBD ChiA1 microcrystals
The size of obtained ChBD ChiA1 microcrystals was 10-30 lm (Fig. S1 ). Its 2D broadband 13 C- 13 C correlation spectra provided linewidths of 0.3-0.5 ppm narrower than 0.6-1.7 ppm found for those of the powder sample that was prepared by lyophilization of the ChBD ChiA1 solution used for crystallization (Fig. 1) . The spectral resolution of ChBD ChiA1 microcrystals was sufficient to separate each correlation signal for assignment. For instance, C N i (magenta) in the figure, provided that the chemical shift of 13 C' i is correctly selected in both spectra. Fortunately, resolution of both spectra of ChBD ChiA1 microcrystals were good enough for us to make sequential assignment, as typically can be seen in C correlation spectra, suggesting that the side-chain structure was fluctuating. Assignment in the aliphatic region is presented in Fig. 3 . The assignment was deposited to BMRB (ID, 12019).
The dihedral angles / and w of the main chain were estimated from the assigned chemical shifts of 13 [35] . The output is presented in blue in Fig. 4 together with that obtained for solution ChBD ChiA1 (red). The latter will be reported in a separate paper. Two sets of dihedral angles were similar to each other except for some residues in loop regions, assuming the five-b-strand fold in the solution structure [9] . Therefore, the ChBD ChiA1 structure in crystal should be similar to that in solution.
Effect of chitin binding on the chemical shifts of ChBD ChiA1
We tried to determine the chitin-binding site of ChBD ChiA1 by the analysis of chemical shift perturbations on binding to insoluble chitins. A small amount of 13 
C-and
15 N-labeled ChBD ChiA1 solution (10~15 mgÁmL À1 phosphate buffer, pH 7.0) was added to HCltreated colloidal chitin at the ratio of 1:1 (w/w, 30.5 GlcNAc monomers/protein). After sufficient mixing, the mixture was incubated for 2 h at room temperature. The mixture was lyophilized and put into a 3.2 mm/ rotor. With small amount of hydration, the sample was kept at 4°C for 1 week before measurement. This sample was subjected to measurement of a DARR spectrum with mixing time of 10 ms at 16.45 T. Data were acquired with spectral widths of 62.5 9 62.5 kHz and 1024 9 320 points. The reference DARR spectrum of ChBD ChiA1 was obtained for the protein sample treated in the same way as mentioned above in the absence of chitin. Overlay of these spectra is presented in Fig. 5 for the aliphatic carbons correlated with aliphatic (a), carbonyl (b), and aromatic (c) ones on the other dimension. Their resolutions were lower than that of ChBD ChiA1 microcrystals. The cross peaks which clearly revealed chemical shift changes are summarized in Table 1 . Although there were a few other peaks perturbed, they were difficult to be assigned because of poor resolution. Table 1 provides the direct evidence for involvement of the W687 indole ring in crystalline chitin binding. While mutational analyses suggested a pivotal role of W687 in chitin binding [15] [16] [17] , here emerged the structural evidence for the role of W687 in the binding. More importantly, W687 turned out not to be a single player in crystalline chitin binding. The residues showing the chemical shift changes larger than 1.0 ppm are mapped in dark green on the solution structure of ChBD ChiA1 [9] (PDB ID, 1ed7) in Fig. 6 . Among them, A685, E688, N691, and V692 are located around the W687 indole ring. In contrast to W687, the mutational evidence for involvement of the other residues in the chitin binding is not so clear. The binding ability of the E688A mutant protein was reported as 90% of that of the wild-type [17] . It may concern the pH dependence of the chitin-binding ability, since it is the only acidic amino acid in ChBD ChiA1 . The chitin-binding ability was significantly suppressed at pH 3.0 [9] . Actually, the binding ability of a ChBD ChiA1 double mutant (E688K/P689A) was undetectable, although its P689A single mutant could fully bind to chitin [16] . The C c /C d cross peak of E688 was not observed for free ChBD ChiA1 , while a signal appeared at 36.2/184.9 ppm on chitin binding as can be seen in Fig. 5 . It was attributed to E688, since this is a typical C c /C d cross peak for Glu with its carboxyl group deprotonated and only one Glu is included in the sequence. This observation can be explained by an assumption that the flexible sidechain of E688 becomes rigid on chitin binding, suggesting its direct involvement in the interaction with chitin. A mutation N691A only slightly suppressed the chitin binding [17] . There was no mutational report for A685 and V692. Nevertheless, the chemical shift perturbations in Table 1 clearly revealed the involvement of these residues in the chitin binding. It can be concluded that W687, the core of the binding site, works together with surrounding A685, E688, N691, and V692 on binding to the insoluble crystalline chitin.
Discussion
The 2D broadband Table 1 . The major residues are mapped in Fig. 6a . Among them, A685, E688, N691, and V692 are located around the W687 ring that is the core of the chitin-binding site. Furthermore, a mutation work suggested the involvement of Q679 in the binding to insoluble chitins [17] , which is also mapped on the structure in light green. The chemical shift changes of 0.7 and 0.1 ppm on chitin binding were also observed for C a and C b of this residue, respectively (Table 1) . On referring to the amino acid sequences classified by Akagi et al. [12] , Q679, W687, E688, N691, and V692 are conserved in the ChBD ChiA1 class except serine protease from Streptomyces griseus (SprC). Since SprC is essentially a protease, we can put this aside in the discussion on ChBD of chitinase. At a glance of Fig. 6a, E688, N691 , V692, and Q679 line up in parallel to the W687 ring. Therefore, the conserved residues are expected to collaborate in binding to insoluble chitins even though single mutations of some residues did not result in a dramatic suppression of the binding ability. Since the most binding sites of CBMs including ChBDs have been elucidated as arrays of multiple (two or three) aromatic rings exposed to solvent [12] , the residues indicated above would provide a completely different platform for the interaction with chitins, specifically insoluble crystalline chitins.
The general interaction between sugar and sugarbinding protein is composed of hydrophobic interaction and hydrogen bonding. In the case of chitin and ChBDs, hydrophobic interaction mainly acts between the pyranose rings of chitin and aromatic rings of a protein, and hydrogen bonding takes place between the hydroxyl or carboxamide groups of sugars and the hydroxyl, carboxyl or carboxamide sidechains of a protein [36, 37] . It is also the case in interchain interactions in insoluble chitins, although the hydrophobic interaction acts as intersugar-ring interaction and the hydrogen bonding misses carboxyl groups [38] [39] [40] [41] . In ChBD ChiA1 , the W687 indole ring should be responsible for the hydrophobic interaction, since direct involvement of the ring in binding was revealed by the data in Table 1 . It was also indicated by the mutation work [15] . However, the ring is not fully exposed on the surface. It is sandwiched by V692 and L684 side chains, both of which are also mapped in Fig. 6a . We could not get convincing assignment of Leu carbons on binding to chitins. Since E688, N691, V692, and Q679 form an array parallel to the indole ring, an acetylglucosamine chain would be extended along this array with the sugar ring stacking to the W687 ring. This provides a novel mode of interaction between ChBD and chitin. However, an efficient stacking is hampered by L684 and V692. How can the strong binding of ChBD ChiA1 to the chitin crystal fibers take place? It was reported that the chitinase A1 hydrolyzed the insoluble b-chitin from the reducing end in a processive way, releasing chitobiose residues [7, 8, 42] . The GlcNAc interacting with the W687 ring should be the reducing end group. The GlcNAc residues at the reducing end would be flexible because of the equilibrium among anomers, lack of hydrogen bonds along the chain axis in the b-chitin fiber [39] [40] [41] , and thermal fluctuation at the free end, which would weaken the interchain interaction on the surface of crystal. Thus, the W687 ring may partially get into the intersugar-chain space to realize a double stacking with sugar rings. Since interchain NH. . .O7 is the only hydrogen bond connecting the vertically stacking GlcNAc and there are no lateral hydrogen bonds among the adjacent chains for the b-chitin fibers in the presence of water molecules [40] , both Q679 and N691 would work to break the interchain hydrogen bonds and peel off the exposed chitin chain from the crystalline fibers. Especially Q679 should be important to release the chitobiose residues at the reducing end from the crystalline field and provide the vertical intersugar space to the W687 ring. To realize more efficient stacking between the sugar and W687 rings, the indole ring may more deeply push into the intersugar space with flipping out from the protein assisted by a slight conformational change of the loop from A685 to E688. Actually, the chemical shifts of the backbone carbons of A685 and E688 are affected by the chitin binding as listed in Table 1 . This is a kind of conformational induced-fit in complex formation. E688 carboxylate anion would interact with the reducing end of the first sugar in the chitin chain. The double stacking with the sugar rings and the interactions between the hydrophilic groups of the protein and sugars should lead to the strong binding of ChBD ChiA1 to the b-chitin fibers. An idea on the interaction is presented in Fig. 6b . Thus, W687, the residues surrounding it, and Q679 collaborate as an insoluble chitin-binding platform. This machinery can also work for peeling off a chitin chain from the crystalline fiber to provide a substrate to the ChiA1 catalytic domain. Table 1 are mapped on the solution structure [9] in dark green. Relevant ones are shown with side chains. Q679 for which the involvement in chitin binding was suggested by the mutation analysis [17] is presented in light green. The structure was drawn by UCSF Chimera [43] using the PDB data (ID 1ed7). (B) A conceptual model of a novel platform interacting with crystalline chitin. Only single layer of vertically stacked chitin chains in the crystal is presented. The reduced end on the top is peeled off with the sugar ring stacking on the W687 ring. The detail is described in the text. 
